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Fiber diffractionX-ray ﬁber diffraction data were obtained and helical pitch and symmetry were determined for seven
members of the family Potyviridae, including representatives from the genera Potyvirus, Rymovirus, and
Tritimovirus. The diffraction patterns are similar, as expected. There are, however, signiﬁcant variations in the
symmetries, as previously found among the ﬂexible potexviruses, but not among the rigid tobamoviruses.
Wheat streak mosaic virus, the only member of the genus Tritimovirus examined, displayed the largest
deviations in diffraction data and helical parameters from the other viruses in the group.iences, Vanderbilt University,
615 343 6707.
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The ﬁlamentous plant viruses of the family Potyviridae include
almost a quarter of the known plant viruses. The family includes the
genera Potyvirus, Rymovirus, Tritimovirus, Bymovirus, Maclurovirus,
Ipomovirus and Brambyvirus (Fauquet et al., 2005; Carstens, 2010).
Potyvirid particles are approximately 7500 Å long and 120 Å in
diameter and have helical pitches of about 33 Å (Varma et al., 1968;
McDonald and Bancroft, 1977). Circular dichroismmeasurements and
secondary structure predictions suggest that the coat proteins are
about 50% α-helical, similar to the potexviruses (Shukla et al., 1988;
Baratova et al., 2001), and that the N- and C-termini of the coat
proteins are located near the surface of the virions (Shukla et al., 1988).
Little other structural information was available for members of
this family until recently. The structure of the potyvirus soybean
mosaic virus (SMV) was determined at a resolution of about 14 Å by a
combination of cryo-electron microscopy, X-ray ﬁber diffraction, and
scanning transmission electron microscopy, and found to be very
similar to that of the potexvirus potato virus X at the same resolution
(Kendall et al., 2008). There has been one very limited ﬁber diffraction
study of wheat streak mosaic virus (WSMV) (Parker et al., 2005).
We have now examined seven different members of the family
Potyviridae by ﬁber diffraction: SMV, potato virus Y (PVY), tobacco
vein mottling virus (TVMV), bean common mosaic virus (BCMV), and
bean common mosaic necrosis virus (BCMNV), all members of the
genus Potyvirus; Agropyron mosaic virus (AgMV) from the genusRymovirus; andWSMV from the genus Tritimovirus. We show that the
potyvirids exhibit signiﬁcant variation in helical symmetry, like the
potexviruses and unlike the tobamoviruses.
Results
Fiber diffraction patterns from the G6 and G7 strains of SMV (Cho
and Goodman, 1979), the US1 (Berger et al., 1997) and NY15 (Khan
et al., 1993) strains of BCMV, the TN1 strain (Berger et al., 1997) of
BCMNV, and fromTVMV(Sun et al., 1974), PVY (Boonhamet al., 2002),
AgMV (French and Stenger, 2005) andWSMV (Stenger et al., 1998) are
shown in Fig. 1. In most cases, diffraction is continuous along layer
lines, showing that the ﬁbers are non-crystalline — the positions and
orientation of the virions in the ﬁber are not correlated with those of
their neighbors. The only exceptions are TVMV and the G7 strain of
SMV. For these two viruses, there is some very limited sampling on the
equator (the layer line passing through the origin, Fig. 2), showing that
theﬁbers areweakly paracrystalline; the virions have formed a packed
array in the dried ﬁber. The sampling is only seen at very low
resolution, showing that the regularity is limited, and the virions are
still randomly oriented about their axes relative to their neighbors, as
shown by the fact that the non-equatorial layer lines are not sampled.
The helical pitch p can be determined from the positions of the
near-meridional layer lines, the layer lines whose intensities are
signiﬁcant at or near the meridian (Fig. 2). The spacing of these layer
lines corresponds to the reciprocal of the pitch. In every case, the pitch
was determined to be between 32.6 and 33.5 Å, with uncertainties
less than or equal to 0.3 Å (Table 1).
The helical symmetry of a diffracting ﬁlament can be determined
from the layer line positions, provided that the approximate number
Fig. 1. Fiber diffraction patterns from (A) SMV, strain G6 (B) SMV, strain G7 (C) BCMV, strain US1 (D) BCMV, strain NY15 (E) BCMNV, strain TN1 (F) TVMV (G) PVY (H)WSMV and (I)
AgMV. Strong reﬂections at 4–5 Å resolution in some patterns are from the mica entry window of the helium beam tunnel; rings of reﬂections at 3.85 Å resolution are from calcite,
used for calibration; diagonal white shadows in E–I are from the beamstop holder.
310 M. McDonald et al. / Virology 405 (2010) 309–313of subunits per turn is known. The number of subunits per turn is
u=ui+Δu, where ui is an integer and Δu is between−0.5 and 0.5.Δu
can be determined from the distance between the near-meridional
and off-meridional layer lines (Materials and methods). The value of
ui for SMV has been determined by a combination of ﬁber diffraction,
cryo-electron microscopy and scanning transmission electron mi-
croscopy to be 9 (Kendall et al., 2008). The diffraction patterns of the
viruses examined here are sufﬁciently similar (Fig. 1) to justify the
assumption that ui is 9 for all of them; it would in any case be unlikelythat such closely related viruses would have greatly differing sym-
metries. With this assumption, themeasured helical symmetries were
between 8.80 and 8.87 subunits per helical turn (Table 1).
Discussion
The diffraction patterns from all of the viruses examined here
(Fig. 1) are generally similar; the similarity is particularly marked for
the members of the genus Potyvirus (Figs. 1A–G), but is also quite
Fig. 2. (A) Diffraction pattern from SMV-G6 (Fig. 1A) showing ﬁber diffraction pattern
features. E: equator (the layer line passing through the origin). M: meridian (the line
through the origin at right-angles to the equator). Black arrows: examples of diffraction
on near-meridional layer lines.White arrows: examples of diffraction on off-meridional
(non-near-meridional) layer lines. Circles: locations of diffraction at 10 Å and 5 Å
resolution. (B) Schematic diffraction pattern, showing layer lines and labels. Near-
meridional layer lines are heavy lines, off-meridional layer lines are light. Conventional
layer line numbering (0, 1, 2, 3…) is shown on the left. Layer line 0 is the equator. We
use an alternative layer line labeling convention, 0(0), 0(1), 0(2), 1(−2)…, shown on
the right; this convention is particularly useful when comparing diffraction from
related structures of varying helical symmetry, since equivalent layer lines in different
patterns then have the same labels. Layer line spacingsΔz and 1/p, discussed in the text,
are shown on the far left.
Table 1
Helical pitch and symmetry (subunits per helical turn) of the viruses determined from
the positions of the layer lines in the diffraction patterns.
Virus (-strain) Helical pitch (Å) Symmetry (u)
SMV-G6 33.2±0.1 8.81±0.01
SMV-G7 32.9±0.2 8.81±0.02
BCMV-US1 Not measurable 8.84±0.02
BCMV-NY15 32.7±0.3 Not measurable
BCMNV-TN1 32.9±0.3 8.83±0.05
PVY 32.6±0.3 Not measurable
TVMV 32.9±0.2 8.85±0.02
WSMV 33.5±0.2 8.87±0.02
AgMV 32.6±0.2 8.80±0.02
311M. McDonald et al. / Virology 405 (2010) 309–313strong for WSMV (Fig. 1H) and AgMV (Fig. 1I). Strong diffraction at
about 10 Å resolution and to a lesser degree at 5 Å resolution (Fig. 2) is
a characteristic of structures with signiﬁcant α-helical content, and is
also seen in the tobamoviruses (Namba et al., 1989) and the
potexviruses (Parker et al., 2002). Other details of the patterns in
Fig. 1, however, are characteristic of members of the family
Potyviridae. Careful examination of the equatorial intensities, as well
as intensities on other layer lines, (compare Figs. 1A, H and I) reveals
features that may reﬂect structural differences between members of
the genera Potyvirus, Rymovirus, and Tritimovirus. These differences
and the differences in helical parameters discussed below correspond
well to the degree of coat protein sequence identity (Table 2).
Filamentous plant viruses make up almost half of plant virus
genera, with hundreds of individual species described. The Interna-
tional Committee on Taxonomy of Viruses currently recognizes eight
genera of rigid ﬁlamentous plant viruses and 20 genera of ﬂexibleﬁlamentous plant viruses (Fauquet et al., 2005; Carstens, 2010). They
are all RNA viruses, and most consist of a single type of coat protein
surrounding a single-stranded RNA molecule in a simple helical
array. Some ﬁlamentous plant virus genera are similar to each other,
but others exhibit large differences in morphology and chemical
structure.
Within each ﬁlamentous plant virus genus and family, there are
differing degrees of commonality. The rigid tobamoviruses (Franklin,
1956; Holmes and Franklin, 1958; Stubbs and Makowski, 1982)
exhibit very little variation in symmetry; all measured tobamoviruses
have 16.34 protein subunits per turn of the viral helix (±0.06%). We
have conﬁrmed these early observations in unpublished work. The
ﬂexible potexviruses are more varied; Richardson et al. (1981) found
potexvirus symmetries between 8.7 and 8.9 protein subunits per turn
of the viral helix, a variation about the mean of 1.1%. We ﬁnd
variations in the symmetry of the members of the family Potyviridae
that we have examined (Table 1) of 0.4% about the mean, much larger
than the tobamoviruses but of the same order of magnitude as the
potexviruses. The extremes are AgMV and WSMV, both from genera
other than the large genus Potyvirus. Helical repeats also vary
(Table 1); for these parameters, however, there are no reliable
comparisons with other families, since until relatively recently
(Kendall et al., 2007) they were not determined with great precision.
There are extensive areas of contact between adjacent subunits in
the rigid tobamoviruses (Namba et al., 1989), and probably in other
rigid ﬁlamentous viruses, since they tend to have much greater
diameters than the ﬂexible viruses (Finch, 1965). In contrast, the
ﬂexible viruses have smaller diameters and in some cases deep
surface grooves (Parker et al., 2002), reducing the area of contact. We
may speculate that these smaller contact areas confer increased
evolutionary freedom on the coat proteins, perhaps providing
advantages additional to the simple mechanical advantages of
ﬂexibility. Such advantages would contribute to the considerable
evolutionary success of the ﬂexible ﬁlamentous plant viruses.
Materials and methods
Puriﬁcation of potyviruses
SMV strains G6 and G7 were puriﬁed as described by Calvert and
Ghabrial (1983). BCMV (strain US1) and BCMNV (strain TN1) were
provided by Dr Phil Berger and Dr Pat Shiel at the University of Idaho.
BCMV-NY15 was grown in Phaseolus vulgaris var. Sutter Pink and
puriﬁed using the method described for legume-infecting potyviruses
(Berger and Shiel, 1998). TVMV was grown in Nicotiana tabacum var.
KY-14 and puriﬁed using the potyvirus puriﬁcation method described
by Berger and Shiel (1998). WSMV was grown in Triticum aestivum
var. Wesley and puriﬁed using the rymovirus puriﬁcation method
described by Berger and Shiel (1998). PVY was grown in N. tabacum
var. KY-14 and puriﬁed using the method described by Murphy et al.
(1990) for the puriﬁcation of tobacco etch virus. AgMV was grown
in T. aestivum var. Wesley and puriﬁed using a modiﬁcation of the
Table 2
Amino acid sequence identity (%) among the viral coat proteins. Only the core sequences (Materials and methods) of the proteins were used in the comparisons.
SMV-G7 BCMV-US1 BCMV-NY15 BCMNV-TN1 PVY TVMV WSMV AgMV
SMV-G6 99.5 83.7 83.7 83.3 68.1 59.7 25.2 52.5
SMV-G7 83.7 83.7 83.3 68.5 59.7 25.2 52.5
BCMV-US1 100 87.1 67.1 60.6 26.1 51.6
BCMV-NY15 87.0 67.1 60.6 26.1 51.6
BCMNV-TN1 66.2 59.7 24.8 50.7
PVY 58.8 25.6 52.5
TVMV 27.4 50.2
WSMV 24.5
312 M. McDonald et al. / Virology 405 (2010) 309–313method described by Stenger and French (2004), replacing the cesium
chloride gradient centrifugation with a second sucrose density
gradient centrifugation. All virus puriﬁcations incorporated the use
of protease inhibitors to reduce proteolysis.
Coat protein sequence comparisons
Sequence comparisons among the viral coat proteins (Table 2)
were made using the program LALIGN (Huang and Miller, 1991). All
default parameters were used with the exception of a BLOSUM62
scoring matrix and the global alignment method without end gap
penalties. Because of difﬁculties aligning the highly divergent N-
terminal segments of the proteins, and also because of possible
uncertainties in deﬁning the N-terminus of some of the coat proteins
(Ghabrial et al., 1990), we compare only the trypsin-resistant cores
(Shukla et al., 1988) of the proteins in Table 2. Alignments of complete
coat protein sequences led to essentially the same relationships,
although percentage identities were lower. WSMV and AgMV coat
proteins do not have the core N-terminal trypsin cleavage site, but the
corresponding sequence could be unambiguously deﬁned from the
coat protein alignment.
The GenBank accession numbers for the potyviruses in this
analysis are SMV-G6, AAG41137; SMV-G7, AAO32625; BCMV-US1,
AAA42748; BCMV-NY15, AAC36710; BCMNV-TN1, AAA80270; PVY,
AAL35616; TVMV, NP_734335; WSMV, NP_734274; AgMV,
YP_054401.
Fiber diffraction
Dried ﬁbers of potyviruses were prepared by suspending a 5 μl drop
of virus solution (up to 40 mg/ml in concentration) between two glass
rods ∼1.5 mm apart, and allowing it to dry over a period of hours to
days. Humidity control was essential during drying; even brief
exposure to low humidity dramatically reduced order in the ﬁbers.
Fibers were made in closed chambers (McDonald et al., 2008) in the
presence of either saturated potassium sulfate or saturated sodium
tartrate solution, producing 97% and 92% relative humidity respectively.
Fiber diffraction data were collected at the BioCAT beam line of the
Advanced Photon Source synchrotron, Argonne National Laboratory
(Figs. 1A–D), and at beamline 4-2 at the Stanford Synchrotron Radiation
Laboratory (Figs. 1E–I). Fibers were dusted with calcite, and specimen-
to-detector distances were determined from the 012 calcite diffraction
ring at 3.8547 Å resolution and the 104 ring at 3.0355 Å (Effenberger
et al., 1981). No dusted specimen of a well-oriented ﬁber of BCMV-US1
was available, so the helical pitch of this virus was not determined.
Diffraction patterns were analyzed using the programWCEN (Bian
et al., 2006) to determine experimental parameters and the positions
of the layer lines. Layer line positions were determined by eye; these
determinations are accurate provided that the intensities from
adjacent layer lines are clearly separated. In general, off-meridional
layer lines adjacent to and closer to the origin than near-meridional
layer lines met this criterion; in the most favorable cases (SMV and
BCMV-US1), layer line 0(1) (see Fig. 2B for layer line labeling) was
separated from the equator, providing an additional measurement.Helical symmetries were determined from the layer line positions.
Δu, the non-integral part of the number of subunits per turn u, is equal
to the ratio of Δz, the spacing between a near-meridional layer line
and its nearest neighboring off-meridional layer line, and 1/p, the
spacing between near-meridional layer lines, that is, Δu=±p Δz
(Fig. 2B) (Cochran et al., 1952; Chandrasekaran and Stubbs, 2001;
Kendall et al., 2008). The sign of Δu can often be determined directly
by examination of the ﬁber diffraction pattern, as is the case for all of
the potyviruses examined here. Δu can be determined with
considerable accuracy even when u is not known precisely.
SMV ﬁbers were particularly well-oriented (Kendall et al., 2008),
and it was possible to obtain independent estimates of Δu from layer
lines 0(1), 3(−1), and 4(−1) (Fig. 2B) for both the G6 and G7 strains.
For most of the other viruses, Δuwas determined from the position of
layer line 3(−1). An exception was BCMV-US1, for which layer line 3
(−1) was too weak to measure, but orientation was good enough to
allow the position of layer line 0(1) to be measured. Because of ﬁber
disorientation, it was not possible to obtain reliable estimates of Δu
for PVY or BCMV-NY15. Since we were unable to obtain a reliable
estimate of the helical pitch of BCMV-US1, our information about the
helical parameters for BCMV comes from two separate strains. The
coat protein amino acid sequences of these two strains differ only by
three conservative substitutions near the N-terminus (Khan et al.,
1993; Berger et al., 1997).Acknowledgments
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